Hydrodynamic gene delivery to the liver is an attractive approach for clinical liver gene therapy, but critical aspects of technique remain uncertain. There has not been to date any report of high levels of hydrodynamic gene delivery to the liver, except in rodents. Regional hydrodynamic delivery to individual lobes/segments of the liver is being pursued in preclinical pig models, where reporter gene expression has been o1% of rodent levels, and in one clinical study, where there was no substantive evidence of gene expression. In none of these studies did surgical technique include outflow obstruction of the DNA solution. Here we report a novel technique for regional hydrodynamic gene delivery to the left lateral lobe of the rat liver. The technique gives high levels of gene delivery specific to the left lateral lobe with low volumes (B1.5 ml) of DNA solution, and permits an evaluation of hydrodynamic delivery in the presence and in the absence of outflow obstruction. We report that outflow obstruction is an absolute requirement for effective hydrodynamic gene delivery to individual lobes/segments of the liver, and therefore that minimally invasive techniques will not be possible in the clinic.
Introduction
The hydrodynamic approach is now well established as an effective method for gene delivery to the liver in rodents. The technique involves the rapid injection of large volumes of DNA solution into a peripheral (usually the tail) vein, using volumes amounting to B10% of the body weight in mice (B2.5 ml) 1, 2 and B8-10% of body weight in rats (B20-25 ml). 3, 4 However, although there have been six published reports in the pig [5] [6] [7] [8] [9] [10] and one clinical trial, 11 none of these has provided levels of gene delivery remotely close to those seen in mice and rats. In the pig studies, levels of reporter gene expression were o1% of those in concurrent studies in rodents, while there was no substantive evidence for gene expression in the clinical study.
The hydrodynamic technique requires neither viral nor non-viral vectors, and this makes it an attractive option for clinical application. The simplicity of the technique in rodents, that is, a simple intravenous injection, has probably been responsible for the prevailing notion that clinical application will require just a sophisticated version of this approach, that is, the infusion of DNA solution into branches of the hepatic veins. The fact that this is technically possible in the clinic using minimally invasive techniques, that is, by the introduction of perfusion catheters through small skin incisions over the jugular or femoral veins, has been especially seductive. This technique was used in the clinical study 11 and in most of the studies in the pig. [5] [6] [7] [8] It is very likely, as Zhang et al 12 have proposed, that swelling of the liver is the key to the hydrodynamic effect, by physically stretching hepatocytes and creating momentary breaks in the plasma membrane. We have previously discussed in detail that swelling of the liver can occur only if there is raised intrahepatic vascular pressure, and that raised vascular pressure can occur only if there is resistance to flow. 9, 13 We have proposed that the simplicity of the tail vein approach rests on the fact that nature has provided the necessary outflow obstruction, in that flow of DNA solution from the inferior vena cava (IVC) into the low-pressure portal vein is then obstructed by the vascular resistance of the capillary bed of the gut. 13 We have argued that when hydrodynamic delivery is targeted to individual lobes/segments of the liver (regional hydrodynamic gene delivery), outflow obstruction will need to be provided surgically.
Evaluation of this point in rodent species requires the development of a model that enables the inclusion or not of outflow obstruction. This is obviously not possible using the conventional tail vein approach. It requires a technique where an individual lobe or segment of liver is targeted, with easy access to the hepatic vein branch draining the targeted lobe/segment. We have studied the hepatic vascular anatomy of the rat from this point of view, and note that the anatomy permits highly selective gene delivery to the left lateral lobe through the terminal part of the portal vein, with easy access to the hepatic vein branch draining this lobe. This potentially provides an excellent experimental model for regional hydrodynamic gene delivery to the liver in the rat, and an ideal approach for evaluating the importance of outflow obstruction.
Anatomical considerations
The vascular anatomy of the rat liver permits obstruction of the hepatic veins from an individual lobe only in the case of the left lateral lobe. The hepatic vein draining this lobe (together with the portal vein branch supplying the left part of the median lobe) traverse the line of contact between the left lateral lobe and the left median lobe (Figure 1a) . At this point, the hepatic vein is accessible to clamping. Placing a vascular clamp across these vessels produces a very characteristic picture (Figure 1b) , with a mottled dark blue left lateral lobe (outflow obstruction), a pale greyish left median lobe (inflow obstruction) and a normal light reddish brown right median lobe (normal blood flow). The left lateral lobe (but not the other lobes) also becomes swollen and tense. Occasionally (o10% of cases) there is an additional vein from the left lateral lobe draining independently into the IVC. This markedly reduces the effectiveness of the outflow obstruction provided by the vascular clamp, which is obvious from the less strong discolouration of the left lateral lobe and the less intense swelling.
In our previous technique for regional hydrodynamic gene delivery to the right lateral lobe, 14 outflow obstruction was performed by placing ties on the IVC above and below the liver, creating an isolated IVC segment. We used this technique because it is not possible to directly clamp the hepatic veins draining the right lateral lobe. In this situation, the DNA solution delivered by the portal vein branch passes through the right lateral lobe and then into the IVC segment. However, once the IVC segment is pressurized, the DNA solution can flow retrograde into the other lobes of the liver, resulting in less specific gene delivery to the targeted lobe. In the original study, 14 we reported that approximately one in five rats had gene delivery to the caudate lobe in addition to the right lateral lobe. Moreover, from the cardiovascular point of view, obstructing the suprahepatic IVC to create the isolated IVC segment for gene delivery to the right lateral lobe causes a drastic reduction in venous return to the heart, with major cardiovascular consequences. 15 
Description of new surgical technique
(see Supplementary Information 1 for a full video). A Zeiss operating microscope was used, and the procedure was performed under inhalational general anaesthesia with isoflurane and oxygen. A PHD 2000 programmable syringe pump (Harvard Apparatus, Holliston, MA, USA) was used for delivery of the DNA, to ensure precision and reproducibility of delivery conditions. Before starting, the DNA solution is taken into a syringe, which is then placed in the syringe pump. Glass syringes with a Luer lock should be used. Plastic syringes can deform during the infusion, and this will prolong the infusion beyond the set time.
Step 1. The abdomen is opened by a midline incision extending from the xiphisternum for B6 cm. The falciform ligament linking the liver to the diaphragm, and mesentery attachments of the left lateral lobe, is cut. The left lateral lobe has a deep blue, mottled appearance from outflow obstruction, but normal inflow of blood, and it becomes tense and swollen. The left median lobe develops a pale, greyish brown colour from obstruction of inflow of blood, but it does not swell. The right median lobe is normal.
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The left median lobe is reflected cranially to expose the junction between the left lateral and the left median lobes (Figure 1a) .
Step 2. A loose 6-0 braided silk tie is placed on the portal vein branch to the left part of the median lobe ( Figure 1a ). This branch is in fact occluded by the vascular clamp subsequently placed across the hepatic vein to create outflow obstruction from the left lateral lobe. However, on release of this clamp at the end of the hydrodynamic procedure, flow of DNA from the pressurized portal system into the left part of the median lobe might occur momentarily (over the time the pressure in the left lateral lobe is dissipated by the release of the outflow obstruction). This might reduce the specificity of the gene delivery for the left lateral lobe, and this tie is therefore placed as a precautionary measure.
Step 3. The portal vein just downstream of the branch to the right median lobe is dissected, and a loose 6-0 braided silk tie is placed around it (Figure 2 ).
Step 4. The tie around the portal vein branch to the left median lobe (Figure 1a) is tightened, and a vascular clamp is placed across the junction between the left lateral and left median lobes. This occludes the hepatic vein draining the left lateral lobe (Figure 1a) , creating outflow obstruction from this lobe. This gives the characteristic picture discussed above (Figure 1b) .
Step 5. A 26-gauge trochar and cannula (Abbott Laboratories, Queenborough, Kent, UK) is inserted into the portal vein, the trochar is removed, and the connecting line from the syringe is attached to the cannula using a Luer lock. The cannula is then advanced to a point beyond the origin of the branch to the right part of the median lobe (Figure 2b ). The tie around the portal vein at this point is tightened to hold the cannula in place, and to prevent backflow of the DNA solution.
The pump is then activated and delivers the DNA solution, which causes substantial swelling exclusively of the left lateral lobe. At 1 min after the pump has stopped, the vascular clamp is removed, which releases the pressure in the vasculature of the left lateral lobe. The cannula is then withdrawn, and haemostasis established by placing a piece of absorbable sponge on the puncture hole in the portal vein. The tie securing the cannula in the portal vein and the tie around the portal vein branch to the left median lobe are then removed.
Physiological considerations
It is important to note that portal venous flow is not interrupted by this technique, as the blood flows freely through the right side of the liver and then through the right hepatic veins into the IVC. Thus there is no ischaemia of the gut, and no significant reduction in venous return to the heart.
Basic studies on hydrodynamic gene delivery to the left lateral lobe
We delivered the DNA solution to the left lateral lobe at 25 ml min
À1
, as this lobe constitutes a quarter of the liver mass, and the 100 ml min À1 rate was shown to be highly effective using IVC segment gene delivery to the whole liver. 15 Thus flow, in terms of ml min À1 g
, is the same for regional delivery and delivery to the whole liver.
The results in Figure 3 show excellent and highly specific gene delivery to the left lateral lobe in seven of eight rats given the 1.5 ml volume. In these seven rats, gene delivery to the left lateral lobe reached B1 Â 10 6 RLU per mg, which was B100-to 1000-fold higher than in the left median and right median lobes, and very similar to levels obtained with the optimal systemic 4 and IVC segment 15 approaches. In all the seven rats with high levels of gene delivery, the serum aspartate aminotransferase was 4500 (703-2969) U/l at 24 h, whereas in the rat with low gene delivery (SH250) it was o500 (382) U/l. The levels of gene delivery in the left lateral lobe using the 1.5 ml volume (range 3.8 Â 10 3 to 5.8 Â 10 6 RLU per mg, median value 1.3 Â 10 6 RLU per mg, n ¼ 8) were higher than the 1 ml volume (range 4.2 Â 10 2 to 6.3 Â 10 5 RLU per mg, median value 2.0 Â 10 4 RLU per mg, n ¼ 4) (P ¼ 0.05; Mann-Whitney test). The smaller volumes (0.75 and 0.5 ml) gave low levels of gene delivery.
Importance of outflow obstruction
To evaluate the importance of obstructing the outflow of DNA solution, we omitted the vascular clamp to obstruct the hepatic vein branch in four rats. When the pump was activated, the left lateral lobe blanched immediately, without any swelling, and there was no effect at all on the other lobes of the liver (see Supplementary information 2 for video). In the absence of outflow obstruction, there was no gene delivery ( Figure 3 ).
Conclusions
We show that obstructing outflow of DNA solution from the targeted liver lobe is a critical aspect of surgical Figure 2 Diagrammatic illustration of cannula placement in the portal vein. The tie securing the cannula and preventing backflow of the DNA solution is placed around the portal vein downstream of the branch to the right median lobe. Portal blood flow is maintained through the right side of the liver, which prevents gut ischaemia and avoids any reduction in venous return to the heart. The portal vein branch to the left median lobe is clamped, so that delivery of the DNA solution is specific for the left lateral lobe.
Regional hydrodynamic gene delivery to the liver GJ Sawyer et al technique for regional hydrodynamic gene delivery to the liver. Thus, minimally invasive techniques, which have been used in several preclinical studies [5] [6] [7] [8] and in the published clinical study, 11 are unlikely to be effective as approaches to hydrodynamic gene delivery. This complicates clinical application, as access to both afferent (portal vein) and efferent (hepatic vein) vessels of the targeted segment is required, which will necessitate open abdominal surgery, or at least laparoscopic surgery. Moreover, as previously discussed in detail, 13 pressurizing individual liver segments is not straightforward in the relatively non-lobulated human liver, because there is no concordance between inflow and outflow of blood from individual segments of the liver. This creates potentially important pressure conduits at the periphery of the targeted liver segment. 13 One must also remember that other factors might influence the susceptibility to hydrodynamic gene delivery, in particular species differences in liver compliance (elasticity) 9, 13 and size of the sinusoidal fenestrae. 16 This new technique provides highly specific regional hydrodynamic gene delivery to the liver in the rat, with minimum physiological disturbance. Moreover, the amount of DNA required is reduced from B1 mg per rat for the systemic approach to B75 mg, which is less than that needed for a mouse. The small volume required (B0.75% of body weight) causes insignificant cardiovascular stress from volume overload, 4 and (because portal flow through the right side of the liver is not interrupted) the technique avoids gut ischaemia and any significant diminution in venous return to the heart. Gene delivery to individual lobes or segments of the liver has substantial experimental and clinical advantages. From a clinical perspective, regional delivery means that any unexpected harmful effects of gene delivery (for example development of biliary obstruction following expression of the pancreatic transcription factor PDX-1 in liver) 17 will either be of no consequence or can be readily treated by removal of the targeted lobe. In experimental systems, regional delivery enables non-targeted parts of the animal's own liver to function as an internal control. It also enables removal of the targeted lobe, thereby providing formal proof that gene delivery to the targeted liver lobe was responsible for the experimental effect. It is worth noting that regional gene delivery to the liver is unlikely to be possible using viral vectors. Even if the virus is administered to only one lobe or segment, it will be washed through on release of vascular clamps, and wash-through virus will transfect the whole liver on the next pass of blood through the liver. SH246  SH247  SH249  SH250  SH254  SH255  SH261  SH263  SH280  SH281  SH283  SH284  SH244  SH245  SH251  SH252  SH242  SH243  SH262  SH240 SH241 SH253 Figure 3 Hydrodynamic gene delivery to the left lateral lobe of the liver. Male DA strain rats weighing 200-240 g (Harlan UK, Oxon, UK) were given the pGL3 plasmid (Promega, Madison, WI, USA) at 50 mg ml À1 in 0.15 M NaCl using the volumes indicated, at a constant flow rate of 25 ml min À1 . In one group given 1.5 ml volume, outflow obstruction was omitted, as indicated. At 1 day after gene delivery, the left lateral, left median and right median lobes were harvested and individually assayed for luciferase gene expression as previously described. Regional hydrodynamic gene delivery to the liver GJ Sawyer et al
